Abstract. A three chamber indirect calorimeter has been a part of the Environmental Laboratory at the U.S. Meat Animal Research Center (MARC) for over 25 yr (Nienaber and Maddy, 1987
Introduction
The thermal environment affects many aspects of an animal's physiology, thus impacting many production parameters. Therefore, research facilities designed for holding animals usually have temperature and humidity control. There are many different methods of controlling the thermal environment that range in complexity from a simple heater to a very complex system designed especially for precision thermal environmental control in animal spaces. Described below are four different systems that provide precise environmental (temperature and humidity) control for livestock holding chambers.
An indirect calorimeter system at the Meat Animal Research Center, Clay Center, Nebraska was designed to measure heat production on groups of small pigs or individual finishing pigs, adult sheep, and newborn calves (Nienaber and Maddy, 1985) . The animal chambers had a total animal space of 1.3 m 3 , and a total air space of 3.25 m 3 . Temperature control was accomplished by recirculating air through direct expansion (fully modulated), hot gas bypass system (Environmental Growth Chamber). Humidity was adjusted by manually selecting the amount of reheat. This system was in use from 1980 through 2004. , and described the system in place at the University of Nebraska-Lincoln, Lincoln, Nebraska. The system consisted of three animal chambers, each with a total animal space of 1.2 m 3 . The system was designed to hold medium size animals (turkeys, young pigs). Humidity control (wet-bulb temperature) was provided by an AMICO air unit (Model No. AA-5460A, Parameter Generation and Control, Inc., Black Mountain, NC), and an insulated air intake duct system. The AMICO air unit provided a constant wet-bulb temperature to each of the three chambers. Each chamber was equipped with a small heater that independently controlled dry-bulb temperature to each of the animal chambers. A large chamber, described by Lefcourt et al. (2001) , was designed to hold up to six dairy cows at the Beltsville Agricultural Research Center, Beltsville, Maryland. The animal chamber contained approximately 260 m 3 of air space, and was designed to control temperature, humidity, and air velocity. The system used a cold-water chiller (Model CGAF-C20, Trane Commercial Systems), with a 50:50 mixture of propylene glycol and water to control the humidity in the room. A steam coil was used to set the temperature in the animal chamber; incoming air was preheated using additional electric heaters.
Iowa State University has a 4-chamber open-circuit positive pressure indirect calorimetry system (Xin and Harmon, 1996) . This system is designed to be used with small groups of pigs, or poultry. The animals can be placed on the floor of the chamber or elevated cages on casters can be added. This system uses an air-handling unit (Model -Climate-Lab-AA, Parameter Generation & Control, Black Mountain, NC) to control the humidity in the rooms. The temperatures are independently controlled by the use of two electric heater/fan units, which are located in the plenum space of the air inlet. This paper describes the design and verification of an indirect calorimeter system that incorporates four animal chambers each, with an independent temperature and humidity control.
Mention of trade names or commercial products in this article is solely for the purpose of providing specific information and does not imply recommendation or endorsement by the U.S. Department of Agriculture.
System Design

Animal Chambers
The four chambers used to house animals for calorimetry were designed to provide integrity (minimal air leakage), and to be well insulated for maintenance of environmental conditions. A pre-engineered chamber was designed and provided by National Cleanrooms (Hialeah, FL USA 33014) according to our specifications (figure 1). Features of the chambers include wellinsulated panels (R-22; 76 mm), with secure and airtight seals on all panel joints, and full access doors. The chamber door included a 460 x 760 mm observation window, and was designed large enough (121 cm width) to allow the animal pen to be moved in and out, with no obstructions. This provides the maximum of flexibility for cleaning all surfaces, especially the floor, between animal measurements. The chamber door frames were secured on each side to a 76 mm box steel beam that was secured to the floor, and an overhead 76 mm beam that spanned the entire structure width of 6.4 m. Therefore, the chambers shared one or two common walls, depending on location. The 25-mm self-leveling polymer-modified cement based underlayment chamber floor was precision poured on the original terrazzo-type floor to provide 0.5% slope toward the door, again to aid in cleanout. Anchors used to secure the box beams on either side of the doors were drilled through the chamber floor and extended into the terrazzo material. The bottom edges of all panels were then sealed to the floor, and a wiper on the bottom of the doors provided an adequate seal for calorimeter operation. Small openings on the bottom corners of each doorway provided a fresh air inlet for each chamber, and the fresh air was mixed with the re-circulated air. Chambers were judged to be adequately sealed when 2 to 4 mm of vacuum could be maintained at the designed fresh airflow rate of 85 l/min. Within each animal chamber, a 30 mm steel tubing framework provided protection of the wall panels from damage by the animal pen, and support for chamber lights and water line. The framework corner members were secured to the chamber floor, as well as tied together with a channel attached to the top at each corner. The framework provided attachment of protective bars on three sides of the chamber, while giving full access through the doorway. Chamber lighting included two 60-w incandescent bulbs controlled by a timer, and two 40-w red bulbs for nighttime lighting to support activity monitoring within the chamber. The red bulbs are a visible indicator of circulation fan operation.
All air handling equipment was suspended from the chamber ceiling panel. An air return plenum consisting of 38 mm plastic honeycomb fencing panels was fitted to the right side (door hinge side) of the chamber, and extended from 150 mm above the floor to the plenum so that all re-circulated air was drawn from near the floor and discharged in the ceiling plenum. The right half of the ceiling plenum was formed by 20 gauge metal, which extended 300 mm down from the chamber ceiling panel, formed a 97 degree angle, then back to the filter holders along the right side of the chamber. The plenum was attached to the discharge side of the chilled water coils (mounted at a 97 degree angle to facilitate condensate drainage). The entrance side of the coil unit was attached to the recirculation fan via a 250 mm long transition duct. Two furnace-type filters were installed 38 mm from the right wall within the plenum so that all recirculated air was forced to pass through them. The recirculating fan discharged air through the coils to the left half of the ceiling plenum formed by perforated material (23% open). Two 30 mm holes were drilled in each side of the transition duct connecting the fan and cooling coils to create mixing of air within the plenum and eliminate dead air space.
Cooling system
The humidity control was accomplished using a chilled water system. Chilled water was generated using a three-ton air conditioner unit, with the expansion coil submerged in a 550 liter insulated water reservoir. Water temperature was maintained between 4 -7 C. Water from this reservoir was circulated using a 90 l/min pump in each of two supply lines, each serving two calorimeters. Each calorimeter had an 870 cm 2 chilled water coil (3 rows) connected to a 23-l/min circulating pump that mixed chilled water from a supply line with re-circulated water from the chilled water coil (figure 2). The mixture was under the control of a PID (proportional, integral, and derivative) controller with a linear mixing valve. The PID controller used a type-t thermocouple to sense the temperature of the water on the surface of the return water line, as a measure of the dew point of the air (assumed saturated conditions at the coil discharge). Demand for chilled water from any calorimeter chamber had little impact on the remaining chambers, unless the total system cooling capacity was exceeded.
As indicated in the previous section, the cooling coils were mounted at 97 degrees to facilitate drainage of condensate. All cooling lines exposed to the animal airspace away from the cooling coil surface were insulated to control condensation. This included all supply and return lines, both inside and outside the calorimeter, as well as lines on both ends of the cooling coil itself. A drain pan was attached to direct condensate from the coil surface to a 20 l container, using 6.3 mm copper tubing. The condensate, along with the change in moisture content of the air as it passed through the calorimeter, provided a means of estimating animal evaporative heat loss, assuming all change in moisture in the air resulted from respiration or evaporation from the skin surface. 
Heating System
The heating system consisted of three 900-watt resistance type heaters under the control of a PID controller identical to those used in the cooling system. Heater output was regulated with a 50 amp interface module driven by a 10 vDC output from the controller. The heating elements were physically located 130 mm downstream from the face of the cooling coil, and provided reheat of air that passed over the cooling coils. All discharge air from the cooling coils was restricted to pass over the heaters in order to maximize mixing and heating efficiency.
The controller used a type-t thermocouple located 40 mm below the ceiling plenum and in the center of the chamber to sense the dry-bulb temperature of the chamber. A second thermocouple in the same location was used by the data acquisition system to record calorimeter temperature.
Controllers
The heating and cooling systems employ a self-tuning temperature and process controller (Fuji PXR4 Saddle Brook NJ 07663). The controllers adjust output, based on standard PID (proportional, integral, and derivative) protocols, and had the ability to incorporate fuzzy control and/or a self-tuning mode (allows the PID parameters to be automatically adjusted under certain circumstances). For ease of application, the controller has integrated an auto-tuning mode which automatically set the PID values.
One important criterion was the ability to control both a constant and a varying temperature/humidity profile. The selected controller had 16 ramp/soak segments that can be used to set a varying profile over a 24-hour period.
The controllers have been connected to a computer using a RS485 loop. This loop allowed for remote setup, monitoring the calorimeter conditions, and data collection.
Animal Pens
Pens were designed and built to fit specifically within the chambers according to figure 3. The pens were constructed of stainless steel, except for the plastic flooring. Solid side and front panels extended to a height of 610 mm, with 300 mm of open fencing above. The open top portion of the pen wall facilitated air circulation within the pen. Similarly, the location of the manure collection pan provided 25 mm of open area between the pan and the bottom of the pen to allow airflow through the flooring. Pens were fitted with 300 mm wheels, two fixed and two swivel, so that animals could be transported into and out of the calorimeter, in addition to facilitating cleaning of pens and chambers. Each pen contained a weighing feeder and a cup waterer. Off-center load cells were incorporated in the weighing feeder system (Nienaber et al., 1990) . Feces, urine, and wastewater were collected in the pan beneath the pen, and liquid drained to a 19 liter container. All animals were weighed before and after each calorimeter measurement with a portable scale.
The front panel of each pen contained the weighing feeder, cup waterer, and the gate. The open portion of the top of the panel also gave sufficient visibility of the pen floor so animals could be viewed through the window within the chamber door. Activity cameras have been used to monitor animal movement during a measurement period.
Gas analysis and data acquisition
Although most of the original design of the gas analysis and data acquisition system (figure 4) was used (Nienaber and Maddy, 1985) , a brief description of the current equipment follows: the oxygen analyzer is paramagnetic and barometric pressure compensated (Rosemont 755A).
It is calibrated to a linear suppressed range of 19 to 21%, with 100 ppm O 2 accuracy. The CO 2 and CH 4 analyzer is a dual range infrared analyzer (ANARAD AR-60A) calibrated to 0 to 2% CO 2 and 0 to 0.2% CH 4 , with 10 ppm accuracy. Barometric pressures were measured with an absolute pressure sensor (Honeywell, Model 415), while line pressures were measured with differential sensors (Omega PX274-30D1); both sensors have an accuracy of 0.5% full scale. Gas-sample line temperature was measured with a thermistor, 0.5C accuracy, and dew-point with a type-t thermocouple, 1C accuracy. Gas volume was measured with a dry gas meter (American Meter, AL-800), with 0.5% accuracy, and checked with a rotary gas meter (Roots, Model 1.5 M CTR) with 0.5% accuracy.
Air was drawn from each calorimeter chamber at a nominal rate of 85 l/min, using a low pressure, high volume vacuum motor (Lamb Model 338.17935), which was mounted in the ceiling plenum and connected to a 38 mm PVC pipe leading to the flow meter. Flow rate and line pressure were adjusted with an auto-transformer and a gate valve, to maintain approximately 15 mm Hg line pressure at the desired flow rate. The auto-transformer was mounted near the chamber and the gate valve near the flow meter. Fresh air was sampled with an independent line and drawn from an area near the floor between the doors of calorimeters two and three.
Data Acquisition System Figure 4 . Schematic of indirect calorimeter system, shown with one of four animal chambers, associated gas volume and analysis equipment, and the data acquisition system.
The calorimeter system instruments were monitored with a Agilent Technology data acquisition system (Model HP-75000) under the control of a PC so all samples passed through the system analyzers for a 2-min duration, gas concentrations were red, and pressures and temperatures recorded giving a measurement of each calorimeter chamber every 10 min. All gas volumes were corrected to STP and all gas samples were passed through Drierite to remove moisture to a comparable level among all samples.
Verification
An error analysis was completed on the original calorimeter with similarly rated equipment by Nienaber and Maddy, (1985) . That report indicated a total cumulative system error ranging from 3.45 to 5.58%, depending on the operating conditions of outlet gas concentrations. This was a very conservative estimate, and normal operation of the calorimetry system is considered to be within 1.5% as verified by alcohol combustion. This was a mass balance verification. Complete combustion of the 100% alcohol is assumed:
The molar volumes of O 2 consumed and CO 2 produced by combustion of 1 gram of alcohol were:
And
Where VO 2 and VCO 2 are liters, STP corrected volumes of O 2 and CO 2 , and A is the weight of alcohol, g. The volume portion of CO 2 to O 2 was 0.67, nearly equal to the respiratory quotient (RQ) of a fasting animal (RQ = 0.7).
Upon completion of the construction and before any animals were tested, numerous lamp runs were made. The average recovery in 14 lamps (4 successful lamp runs in calorimeters 1 and 4; 3 successful lamp runs in the calorimeters 2 and 3) was 101.3±1.9% for O 2 and 99.6±2.1% for CO 2 .
Operational Notes
One series of measurements on finishing pigs over a temperature range of 16 to 32C has been completed. The performance of the calorimeters has been mostly positive, with only a couple problems. Original design specifications were to maintain temperature control with at least 10C difference between dry-bulb and dew-point conditions. While the system had no difficulty maintaining those conditions, when slightly drier conditions of 30% RH and 32C were tried, almost 20C difference in dry-bulb and dew-point, and the cooling system could not maintain this level. We achieved about 40% RH at 32C (17C dew-point). Table 1 shows the set points and the actual average temperature and dew-point in the chambers in sixty 22-hour calorimeter runs (twelve 22-hour test runs at each of 5 conditions). The slight offset in the temperatures was a result of the location of the thermocouples providing the feedback to the controller. To correct this problem, the thermocouples will be relocated. 
Conclusions
A four-chamber indirect calorimeter system was designed, built, and tested. The temperature control was accomplished by using three 900-Watt resistive heaters, under the control of a PID controller which could infinitely vary the output of the heaters. Temperature control was fairly accurate on all test runs except two runs at 24C. The problem was assumed to be a difference due to the location of the thermocouple that provided feedback to the controller. The problem will be corrected by relocating the thermocouples.
A cold-water coil was used to control the humidity in the chambers. The cold-water coil was designed to maintain a difference between dry-bulb and dew point of approximately 10C. While the system could perform at that level, it could not maintain the dew-point conditions desired in this experiment. The system had a difficult time maintaining dew points at our set points, the actual dew points were approximately 4 -5 C higher than the set points. Currently, we are working on a solution to the problem.
Overall, the system worked well. The verification runs showed an O 2 error of less than 1.5%, and a CO 2 error less than 1.0%. The animal pens worked well; the animals were easily moved into and out of the pens, and the pens and the calorimeter floors were easily cleaned.
